Introduction
A number of research groups, including our own, have previously used mono end-capped polydimethylsiloxane (PDMS) in green chemistry and other applications, [1] including the preparation of CO 2 -philic molecules with potential uses in green catalysis. [1a, 1e, 1f] Difunctional PDMS, containing ligating groups at either end of a PDMS chain, has been explored to a lesser extent in the field of coordination chemistry and catalysis. In such a situation, the ligands could bind to metal centres in a number of ways, Figure 1 . Tritopic ligands separated by short PDMS chains have been used by Lehn and co-workers to prepare metal-containing extended polymers that can be processed into films with potential sensor applications. [2] Pyridyl-imine based ligands have recently found applications in the field of catalytic water oxidation, [3] and have also been used extensively in olefin dimerization, oligomerization and polymerization catalysis. [4] We have recently used such ligands in catalytic aerobic oxidation reactions of alcohols. [5] Therefore, we decided to study their coordination chemistry in more detail to better understand catalytic reactions employing them and possible intermediates that might form. 
Results and Discussion
The coordination chemistry of L1-L6, Figure 2 , with copper(I) is described below. L3 has been widely studied by others, [6] and was included in this work for comparative purposes. Figure 2 . Ligands used in this study.
Preliminary Studies using L1
As we had previously worked with PDMS-derived ligands, 1a we studied the chemistry of L1 first. The polymeric starting material PDMS-NH 2 and L1 were characterized using 1 H NMR, 13 C{ 1 H} NMR, FT-IR, MALDI-TOF mass spectrometric (MS) data and elemental analyses. GPC analysis confirmed that no polymer degradation or coupling occurred during the synthesis of L1 as its retention volume was nearly identical to PDMS-NH 2 . The number of dimethylsiloxane repeat units (n) was determined using endgroup analysis of the 1 H NMR spectrum and elemental analysis to be 20. It should be noted that increased relaxation times were used to obtain spectra where resonances could be integrated with greater accuracy. However, MS analysis revealed that L1 had M w 1567, M n 1317 and a resulting polydispersity of 1. 19 . This corresponds to n = 16, but this low value could be a result of poor signal-to-noise ratio in the high mass region of the spectrum. Overall, the spectrum had a similar appearance to that of its coordination complex (see below and Supporting Information) in that the peak separations (74 mass units), their intensities and isotope patterns are typical for monodisperse PDMS chains. [7] Such monodisperse chains will have a narrow polydispersity (between 1.1 and 1.5), where polydispersity is the ratio of M w :M n (M w = weight average molecular weight and gives greater statistical weighting to heavier molecules, M n = number average molecular weight and gives greater statistical weighting to lighter molecules). When polydispersity is 1.0, all of the polymer chains will be of exactly the same weight and length.
In our previous studies, monodentate PDMS-derived ligands and their Pd complexes were found to be soluble in supercritical carbon dioxide (scCO 2 ). [1a] Therefore, the solubilities of L1 and L2 in scCO 2 were assessed. L2 was miscible in liquid CO 2 at room temperature. Cloud point data for L1 over the temperature range 60-100 ºC were measured, Figure 3 . Copper complexes of these ligands were prepared, see below, and their solubility in scCO 2 gauged. Significantly higher temperatures and pressures were needed to dissolve [Cu(L2)](PF 6 ) compared with the uncoordinated parent ligand L2, presumably due to the ionic nature of the metal complex. Unfortunately, [Cu(L1)](PF 6 ) was insoluble in CO 2 at all temperatures and pressures studied (25-120 ºC, 4000-7500 psi).
Initial investigations into the coordination chemistry of L1 were performed via UV-vis spectroscopy, Figure 4 . The spectra of [Cu(CH 3 CN) 4 ](PF 6 ) and L1 show no absorbances in the visible region. However, a MLCT band was seen to grow in intensity relative to an increase in concentration of copper(I) ions. This band reached a maximum intensity (λ = 465 nm, ε = 21 000 L mol -1 cm -1 ) when there was one copper(I) ion per each L1 corresponding to a [1+1] complex forming where each copper ion is surrounded by two chelating pyridyl-imine groups. This initial titration was performed in air but all further coordination chemistry experiments were performed under strictly air-and moisture-free conditions to avoid oxidation of the copper ion. The reaction was then performed on a synthetic scale and the resulting solid characterized using FT-IR, NMR, MALDI-TOF MS, GPC and elemental analyses. These data support the self-assembly of a [1+1] metallocyclopolymeric complex, [Cu(L1)](PF 6 ).
The GPC chromatogram (using refractive index detection) contained a single, inverted peak at a retention volume nearly identical to L1 and PDMS-NH 2 . Due to the inversion of this peak (it appeared below the baseline of a control run as opposed to above it), mass data could not be obtained through conventional calibration against polystyrene standards. However, in contrast to previously characterized [1+1] metallocyclopolymers, [8] [8] [9] and if the ligands are separated by flexible, long bridging groups, there is a tendency for mixtures to form. 
Preliminary Studies using L2 as a Low Molecular Weight Model of L1
Due to the scarcity of well-characterized [1+1] complexes, [8] [9] we undertook the synthesis of a low molecular weight analog using L2. cm -1 ). The frequency of this absorbance is similar to that reported for the known dicopper(I) helicate complexes of L3, [10] but the molar extinction coefficient for the MLCT of the L1 and L2 complexes is much greater. The presence and energy of the MLCT band is in good agreement with the calculated energies of the frontier orbitals for [Cu(L2)](PF 6 ) (Supporting Information). FT-IR data for our complexes are similar to structurally verified copper(I) and nickel(II) complexes of bidentate and tetradentate pyridyl-imine ligands.
[ 1 H-1 H coupling observable for the pyridyl protons in the free ligand was not observed in the complexes presumably due to the fluxionality of coordinate covalent bonds in solution leading to signal broadening. Through parallels with known copper(I) pyridyl-imine complexes, [6a, 6i, 12] processes including inter-and intramolecular ligand exchange through twisting at the metal or ligand dissociation are thought to occur. Oxidation of the copper centre might also be the cause of signal broadening in these NMR spectra. However, EPR spectra of these samples were silent and gave no indication of the presence of copper(II). 6 ) investigated in order to obtain greater insight into the chemistry of L1 and L2. L4 has been explored to some extent previously, [13] and L3 studied extensively by other chemists. [6] [Cu 2 [6f] An extensive study of copper complexes of L3 and related ligands has been performed by Fabbrizzi and coworkers involving spectroelectrochemistry and mass spectrometric monitoring of the assembly and disassembly of the copper helicates. [10] They propose the formation of [Cu I (L)] + complexes upon reduction of the analogous copper(II) ion and prior to the self-assembly of the typical copper(I) bimetallic bis (ligand) helicates. Where present the nature of the bridging C 2 chain between the pyridyl-imine ligands was determined to be the major influence on intramolecular fluxional processes.
Discussion of Mass Spectrometric
[6a] FD mass spectra for the complexes in that study confirmed the formation of dimetallic dications including [Cu 2 [10] In ESI experiments performed in our laboratory, the mass spectrum for the copper ( + ions but would possess significantly different isotope patterns. It should also be noted that care was taken to avoid oxidation of the copper(I) complexes in this study and therefore, the peaks in the mass spectra are not from copper(II) species. Furthermore, EPR spectra were silent strongly suggesting that copper(II) was not present. For L2, L4-6, ESI mass spectra showed no peaks that could be assigned to bimetallic species. Mass spectra for the polymeric ligand L1 and its copper complex were discussed above. These data were obtained using a MALDI-TOF mass spectrometer. Therefore, we studied the complexes of L2-L6 using this method. Using this type of ionization, bimetallic ions were observed for L4-L6. The molecular ion region of the mass spectra and theoretical isotope patterns for {[Cu 2 (L) 2 ]PF 6 } + (L = L4, L5 or L6) are available in Supporting Information. Numerous MS spectra of L1-L2 complexes were obtained but none showed evidence of bimetallic species. These results highlight that, if numerous related coordination complexes (monometallic, bimetallic, trimetallic etc.) could potentially be formed, it would be advisable to perform as broad a range of mass spectrometric experiments as possible to confirm initial results and data obtained using one technique.
Due to the range of different gas phase ions observed through mass spectrometry, freezing point depression experiments were performed in order to get solution phase values for comparison. Data from DMSO solutions of complexes are presented in Table 2 and show reasonable agreement with mass spectrometric-derived formulations. 
PGSE NMR studies of Copper(I) Complexes of L1-L6
In order to confirm the formation of the unusual large-sized [1+1] metallocyclic species [Cu(L1)](PF 6 ) in solution, other analytical methods were pursued. Recently, Constable and coworkers have shown that Pulse-field gradient spin-echo (PGSE) NMR spectroscopy is a valuable technique to use in determining the size and, therefore, the major species in solution for [Co n L n ][PF 6 ] 3n metallomacrocyles. [14] PGSE diffusion NMR spectroscopy can be used to obtain diffusion coefficients of solution-state species and in turn this data can be used to obtain molecular sizes. [15] In the absence of structural data, and for comparison with NMR data, MMFF-and semi-empirical PM3-calculations were performed using SPARTAN '08 software to obtain approximate radii for the compounds in their geometry optimized equilibrium [1+1] and [2+2] forms ( Figure 5 and Table  1 ). The relative stability of the two complexes was determined to be very similar and therefore, no conclusions regarding a thermodynamic preference for either form could be made. 2 was determined to have a radius of 7.9±0.1 Å from NMR data and in the solid-state it has been shown to have a radius of 6.8 Å. Also, hydrodynamic radii data and computational studies clearly suggest that L4 and L6 form bimetallic dicationic complexes in solution. Furthermore, the NMR-derived radii for the copper complexes with all ligands showed good agreement with the formulation determined from mass spectrometric evidence, Table 1 and Experimental Section. 
X-Ray Diffraction Data
Unfortunately to date, we have been unable to obtain single crystals of our model complex, [Cu(L2)](PF 6 ), to unambiguously confirm the cyclic [1+1] nature of the siloxane-containing complexes in the solid-state. However, over the course of our studies, we noticed that during solvent evaporation from solutions of [Cu(L1)](PF 6 ) dark-coloured seed crystals formed on the surface of the glassware. Upon further inspection under a microscope, these crystalline domains became more visible, especially under cross-polarized light (Supporting Information). At room temperature, powder X-ray diffraction analysis of [Cu(L1)](PF 6 ) showed two intense, sharp peaks at a constant Bragg angle 2θ of 0.42º and 1.44º. These correspond to d-spacings of 210.1 Å and 61.3 Å. Both are significantly longer than the predicted diameter of the metallocyclopolymer, which is calculated to be 24.6 Å for a [1+1] complex and 48.0 Å for a bimetallic [2+2] complex. Therefore, bimolecular (or greater) aggregration must exist within the crystalline phase. Recently, Gloe and co-workers reported the remarkable self-assembly of three hexametallic copper(II) mesohelicates, [CuL(SO 4 )] 6 24H 2 O where L is a linked bis-pyridylimine ligand, that were circular in shape. [16] The self-assembly was controlled by the coordination of sulfate ions with the copper(II) centres. The diameter of these structures in the solid-state was determined to be 31-32 Å by single-crystal X-ray diffraction analysis. At this stage, a multimetallic structure similar to these cannot be ruled out for the L1 complex in the solid-state. Although, in solution and in the gas phase [1+1] species dominate, as discussed earlier. However, the crystalline nature of the complex does rule out a supramolecular linear metallopolymer, as by analogy to Lehn and Chow's results an elastomeric polymer would be expected due to the flexible nature of the PDMS linking group. [2] Extensive efforts were made to grow and isolate crystals of the complexes reported herein. One sample of [Cu 2 (L5) 2 ](PF 6 ) 2 upon storage at -20 °C in a methanol solution for over one year afforded brown crystals amenable to single crystal X-ray diffraction analysis. The asymmetric unit contained two independent half-complexes and two half-occupancy methanol molecules. Closer inspection of the coordination environment around copper reveals that Cu1-N2 is significantly shorter (1.770(7) Å; Figure 6 ) than the other Cu-N bond distances (1.979(6) -2.068(8)Å)). The second molecule in the dimer contains typical Cu-N bond distances for copper-imine and copper-pyridine interactions (Figure 7 ). This X-ray determined structure confirms the dimetallic nature of the L5 species formed, which was proposed through mass spectrometric, PGSE NMR and freezing point depression data. Furthermore, the radius of the complex is in good agreement with that determined through PM3-calculations, Table 1 .
Each dimer (Figure 7 ; symmetry related atoms generated by (x, 1.25-y, 1.25-z)) is generated by the intersection of one two-fold proper rotation axis and one two-fold screw axis, with one molecule aligned lengthwise with the b-axis, and the other with the c-axis. Very close intermolecular methylene C-H…π interactions are present, with C11-H11B…Cg1 = 3.07 Å and C31-H31B…Cg2 19 F environments, -67 and -60 ppm, with occupancies of 35% and 65% respectively. These unusual differences in NMR data could be interpreted in a number of ways. We tentatively propose that in [Cu(L1)](PF 6 ) some of the anions are held within cyclic or cage structures like a metal ion within a crown ether and therefore, have restricted motion compared with the small molecule L2 analog where the anion cannot fit inside the macrocycle or cage. Hydrolysis of the PF 6 -anion or oxidation of the copper ion were ruled out as the reasons for the signal broadening and the presence of two environments in the 19 F MAS NMR spectrum, because (i) if the same sample is dissolved and solution NMR data is obtained a single environment is observed, and (ii) ESI MS showed no evidence of PF 6 -hydrolysis or copper oxidation (z=2 ions should be evident if oxidation occurred). Also, EPR spectra were silent
Conclusions
In summary, we have found that chelating pyridyl-imine ligands separated by a low molecular weight dimethylsiloxane or polymeric PDMS group can form [1+1] metallocycles. We tentatively propose that this is due to their inability to undergo C-H…π interactions due to their increased steric demand compared with -(CH 2 ) n -and -(CH 2 O) n -bridging units. Some of siloxanederived compounds are soluble in scCO 2 . PGSE NMR spectroscopy was useful in ascertaining the size of these and related complexes in solution and in confirming the formation of [1+1] or [2+2] species suggested from mass spectrometric data. For L5, crystals were grown and X-ray diffraction analysis confirmed its [2+2] nature. The extended structure of this complex exhibited interesting packing in the solid-state. Solid-state 19 F NMR data for the polymeric metallocycle (L1 complex) suggests two environments exist for the hexafluorophosphate anion. We propose that the anion could reside both inside and outside a cycle or cavity, which is feasible given the size and resulting cavity in the proposed [1+1] species.
Experimental Section
General information All reactions were carried out under dry nitrogen using standard Schlenkline techniques. THF was dried and distilled over sodium benzophenone ketyl, whilst CH2Cl2 was dried and distilled over CaH2. 2-Pyridinecarboxaldehyde, tetrakis(acetonitrile)copper(I) hexafluorophosphate and other reagents unless specified were purchased from Aldrich and used as received. PDMS-NH2 (H2N(CH2)3(SiMe2O)20SiMe2(CH2)3NH2) and 1,3-Bis(aminopropyl)tetramethyldisiloxane were purchased from Gelest. The ligands L1-L6 were prepared as described previously. [5] Elemental analyses were performed by Canadian Microanalytical Service Ltd. (Delta, BC).
1 H-NMR spectra were acquired on a Bruker AVANCE 500 MHz spectrometer. 13 C{ 1 H}-, 19 F-and 31 P-NMR spectra were acquired on a Bruker AVANCE 300 MHz spectrometer. 19 F-NMR and 31 P-NMR solid-state (and some solution) spectra were acquired on a Bruker AVANCE II 600 MHz spectrometer. Chemical shifts were reported in ppm using the residual protons of the deuterated free CDCl3 or tetramethylsilane as an internal reference. Tetramethylsilane-free deuterated solvents were used in the collection of NMR spectra for all siloxane containing species. For polymeric samples in solution, delays were increased to allow complete relaxation of all protons and to obtain more accurate integration. For L1, L2 and their copper complexes, MALDI-TOF mass spectral data were obtained using an Applied Biosystems Voyager mass spectrometer. Dithranol was used as the matrix. For copper complexes of L2, L4-L6, mass spectral data were obtained using an ABI QSTAR XL (Applied Biosystems/MDS Scies, Foster City, USA) hybrid quadrupole TOF MS/MS system equipped with an oMALDI 2 ion source. Dihydroxybenzoic acid (DHB) was used as the matrix. Also, for copper complexes of L1-L6, ESI-MS spectra were recorded using direct injection into an Agilent 1100 LC/MSD (G1946A) instrument in ESI mode (solvent: acetonitrile, concentration: 1mg/mL). The capillary voltage of the instrument was 3000 V and the fragmentor voltage was varied through low, medium and high settings for all samples. X-Ray Powder Diffraction data were obtained on a Rigaku Ru-200 12KW Automated Powder Diffractometer. Polarized microphotos were performed using a Leica DM 2500 microscope. A Bruker TENSOR 27 spectrometer was used to record FT-IR spectra. Gel permeation chromatographs (GPC) were obtained using a Viscotek VE 2001 instrument equipped with RI detector using the following condition: column type: Poly[Analytik]n, PAS-106M-H, 8.0 mm (ID) × 300 mm (L); flow rate: 1.0 mL/min; solvent: chlorobenzene. UV-Vis spectra were recorded using an Ocean Optics UV-Vis spectrometer. TGA spectra were measured by Universal V4.5A TA instrument. Solubility studies on ligands and complexes in supercritical carbon dioxide were performed using a Supercritical Fluids Technologies Phase Monitor II (SFT PM II). Freezing point depression measurements were obtained using a LabQuest data acquisition unit, a temperature probe and solutions of the copper complexes in DMSO (HPLC grade). Homogeneous solutions were prepared by heating the metal complexes in DMSO at 36 °C overnight and measurements made while slowly cooling the solutions in an ice salt bath. Using benzophenone as a standard, Kf (the molal freezing point constant) for DMSO was determined to be 4.20 K mol -1 kg. EPR experiments were performed on a Magnettech benchtop EPR spectrometer MiniScope MS100. 
Computational studies

Crystallographic procedures
A crystal of [Cu2(L5)2](PF6)2•CH3OH was mounted on a low temperature diffraction loop and measured on a Rigaku Saturn CCD area detector with graphite monochromated Mo-Kα radiation. The structure was solved by direct methods [19a] and expanded using Fourier techniques. [19b] Neutral atom scattering factors were taken from Cromer and Waber.
[19c] Anomalous dispersion effects were included in Fcalc [19d] ; the values for ∆f' and ∆f" were those of Creagh and McAuley [19e] The values for the mass attenuation coefficients are those of Creagh and Hubbell. [19f] All calculations were performed using CrystalStructure [19g,h] except for refinement, which was performed using SHELXL-97 [19a] . All non-hydrogen atoms were refined anisotropically, however, DFIX and SIMU restraints were used to model the disordered chain (PART 1 C30-C32 and corresponding protons, 0.448 (12) 
PGSE NMR Spectroscopy
Diffusion NMR measurements were performed on a Bruker Avance II 600 NMR spectrometer equipped with a 5 mm TXI probe and a z-gradient coil with a maximum strength of 5.35 G.cm -1 at 298 K. Samples were run in CDCl3 and in CD3CN. The 90 • pulse lengths were determined for each sample. A standard 2D sequence with stimulated echo and spoil gradient (STEGP) was used. A gradient recovery delay of 2 ms was used and the relaxation delay was set at 10 s. The gradient strength was calibrated by using the self-diffusion coefficient of residual HOD in D2O (1.9 10 -9 m 2 s -1
). For each experiment, the gradient strength was increased from 2 -95% in 32 equally spaced steps with 16 scans per increment. Values of d (gradient pulse length) and D (diffusion time) were optimized on the sample HU-1 (coordination complex of L1) to give an intensity of between 5 and 10% of the initial intensity at 95% gradient strength and were set to 1.5 ms and 100 ms respectively for all subsequent samples.
The solvent peak was used as an internal standard to measure the viscosity of each sample. To that end, the diffusion coefficient of the pure solvent (CDCl3 and CD3CN) was first measured. This diffusion coefficient D0 corresponds to the known viscosity η0 of the pure solvent according to the Stokes-Einstein equation (1): (1)
Therefore for the solvent peak the diffusion coefficient in solution, Dsol, is afforded by (2):
Consequently the viscosity of each solution is obtained from (3):
The numerical coefficient B has been shown to vary from 2 to 6π [18]   and can be calculated from the pure solvent diffusion coefficient too. The data were plotted using MestReNova as Peak area vs. 
